In this paper a new scheme for computation of the numerical fluxes in Euler equations is proposed. The scheme belongs to the rotated Riemann solvers, where two different Riemann solvers are used together. It is created by combining two-wave HLL solver, which is more dissipative, but isn't prone to formation of the carbuncle phenomena, and three-wave HLLC, which is more accurate, but isn't carbuncle-free. Both flux functions are applied in a different direction, and combined into the one. Because of the similarity of the HLL and HLLC fluxes, the final scheme can be implemented in a straightforward way. Rotated HLL/HLLC scheme is carbuncle-free, and accurately resolves shock waves. Several test cases, with focus on proper resolving of shock waves, and comparisons with other schemes, are presented.
Introduction
When dealing with compressible flow, numerical methods are expected to correctly capture shock waves, and accurately resolve shear layers. Some methods fit these criteria, but in certain cases, they fail. One of the problems, that might appear, is known as carbuncle phenomenon -numerical instability, which distorts the shock wave. This paper adds some effort to the development of methods, which are meant to be both accurate and carbuncle-free. The principle of the rotated Riemann solvers is to compute two fluxes at each face of the cell, where each of them is applied in a different direction. Ren ([1] ) created rotated solver, where Roe Riemann solver was used in both direction. We are following the work of Niskihawa and Kitamura ( [2] ), who introduced an extension of this method -rotated hybrid Riemann solver. In this case, different fluxes are employed at the face. One of them is less dissipative, therefore more accurate, but prone to creation of carbuncle. The second one is carbuncle-free, but more dissipative. Rotated Roe/Rusanov and Roe/HLL were developed in aforementioned paper. We are using this framework to create rotated HLL/HLLC Riemann solver.
Governing equations
In this work we are dealing with Euler equations in two dimensions
where
Standard finite volume discretization of convective fluxes gives ( [3] )
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where U i is the average value of U in the i-th cell, |Ω i | is the area of the i-th cell, n ij is outer normal vector of the face between i-th and j-th cell, l ij is length of that face, and numerical flux Φ ij (n ij ) is an approximation of the flux
Time derivative is then discretized using forward Euler or explicit Runge-Kutta methods ( [4] ).
HLL Riemann solver
HLL approximate Riemann solver ( [5] ) is well-known, its flux is given by
Flux subscripts L or R indicates the state left, or right to the cell interface.
HLLC Riemann solver
HLLC Riemann solver ( [6] ) is extension of the previous one, and is commonly used. Its flux is obtained from following equation 
Signal speeds
Signal speeds S L , S R for both solvers are determined using equations from [7] :
where c is speed of sound, and components with tildes (∼) are Roe-averaged variables. S M is again taken from [7] :
Rotated hybrid Riemann Solvers
Idea behind the rotated Riemann solvers is to decompose the normal vector of the face (n) to two perpendicular vectors (n 1 , n 2 )
Numerical flux is then decomposed as
That is simply a linear combination of two different fluxes.
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HLL/HLLC rotated hybrid Rieman solver
Rotated hybrid HLL/HLLC solver is constructed using expression (10) -we take HLL in the direction of n 1 and HLLC in n 2 :
The complication is that HLL has three states, and HLLC four, that means there are twelve possibilities of the computation of the flux. We sort them in three groups:
1. Flow in both directions (n 1 , n 2 ) is "left" supersonic:
Numerical flux is then simply the left state flux
2. Flow in both directions is "right" supersonic:
Numerical flux is
3. In other cases, flux formula cannot be much simplified, and is given by the (11), with Φ HLL (n 1 ) given by the (5), and Φ HLLC (n 2 ) by (6) . Some attempts to simplify this formula were made, but were not successful.
Determination of normals
One method of computing normal vectors was proposed by Ren ([1])
where ∆ q = (∆u, ∆v) = (u R −u L , v R −v L ) is velocity vector difference, and is a small number (in [2] = 10 −12 U ref ). We are using slightly improved version from [2] , which differs only if ∆q <
where n ⊥ denotes vector parallel to the face (perpendicular to n). The reason for this modification is to use less dissipative HLLC solver in smooth flows. Because second normal (n 2 ) is perpendicular to n 1 , it is then obtained from one of the following expressions
so the vector n 2 is "pointing" outside the cell (n 2 · n > 0).
Results

Quirks Odd-Even Grid Perturbation Problem
This test case is presented in [8] and examined in many other papers (e.g. [2] , [1] ). It is a shock wave travelling through a channel with M s = 6. Grid is uniform with 800 x 20 cells with following perturbations
where y i,10 is coordinate of the middle vertex in the y direction, y mid is a y coordinate of the channel axis and h is cell size. Originally weaker perturbations (10 −6 h) were used, but we are using larger ones (as in [2] ) to emphasize the problem. Boundary conditions are set up as follows:
The left boundary is supersonic inlet, the right one is supersonic outlet and top and bottom ones are treated as walls. Variables at inlet, as well as initial condition values, are calculated from the relations of the moving shock wave to get desired shock wave Mach number. HLLC method fails in this case, and creates carbuncle, while our rotated HLL/HLLC flux resolves shock wave correctly (Fig. 1) . 
Flow over cylinder at Mach 8
Another test case is investigated in [2] . Geometry of the domain is as follows: Inner radius is r 1 = 1, outer r 2 = 2.4. Angle between top and bottom boundaries is 150
• . Mesh is structured with 80 x 160 cells (Fig. 2) . Left boundary is supersonic inlet, where whole vector of conservative variables is prescribed, and there are chosen such that M = 8. Right boundary is treated as a slip wall, and top and bottom boundaries are supersonic outlets, where all variables are extrapolated from the domain. As noticed in [2] , if normals are recomputed every time step, after some progress the convergence will stop. Therefore in our case normals were computed for the first 2000 time steps, and then only every 1000th iteration, and after 10 000 iterations the normals are frozen. HLLC scheme doesn't fail completely in this case (unlike Roe scheme ([2])), but the results are slightly distorted. Density contours obtained from rotated HLL/HLLC are smoother (Fig. 4) . Convergence of both schemes is depicted on Fig. 3 . 
Supersonic GAMM channel
This is a well-known test case -GAMM channel, which is usually a transonic case. For our purpose supersonic variant is tested with M = 3 at inlet. As seen in Fig. 5 , stationary solution contains several reflected shock waves, which are correctly resolved by both HLLC (which doesn't fail this time) and rotated HLL/HLLC solvers. 
Conclusion
New rotated hybrid HLL/HLLC Riemann solver, based on previous rotated hybrid solvers, is presented. Several tests of the flux were done, and it proved to be carbuncle-free, with accurate shock waves and shear layers resolving capability. In our implementation, the computational cost was about 1.6 times higher than HLLC solver, which is reasonable despite the fact, that we are computing two fluxes per normal. Work left for future is to improve this ratio, and use our flux in the Navier-Stokes code. In [2] the ability of the rotated Roe/HLL flux with respect to boundary layers was tested, and it proved to be accurate. Similar result is therefore expected with our rotated flux.
